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EXPERIMENTAL STUDY OF BLADE-TYPE HELICAL FLOW INDUCERS 


IN A 5/8-INCH ELECTRICALLY HEATED BOILER TUBE 
by Nick J. Sekas and James R. Stone 
Lewis Research Center 

SUMMARY 

The effects of blade-type flow swirlers on maximum exit quality of a 5/8-inch 
(1. 59-cm) boiler tube were investigated. Data were obtained for various swirler spac- 
ings at a mass flow rate of 400 pounds per hour (5. 0x10" kg/sec). Measurements of 
mass flow rate, heat flux, inlet water temperatures and pressures, outlet vapor tem- 
peratures and pressures, and axial wall temperature distribution for each run were 
made and are presented in tabular form. The quality, pressure drop, and critical heat 
flux for the plain tube are compared with values for tubes containing various numbers 
and spacings of flow swirlers. It was found that maximum exit quality increased from 
0. 30 to 0. 60 by adding five swirlers. At a 0. 3 exit quality, the pressure drop of the 
tube with five swirlers was 58 percent greater than for the plain tube. 


INTRODUCTION 

One of the problem areas of Rankine-cycle space power systems has been the design 
of high-performance, stable, compact boilers. The boilers must operate at a high heat 
flux with a minimum of entrained liquid in the outlet vapor stream. Boiling at high heat 
flux is also applicable to the design of cooling channels for solid-propellant rocket noz- 
zles. 

A common method used to reduce liquid entrainment has been to separate the liquid 
droplets from the vapor by swirling the two-phase mixture, thus centrifuging the liquid 
to the tube wall. This swirl has been obtained by inserting helical wires or twisted 
ribbons into the boiler tube, by coiling the tube, or by a combination of inserts and tube 
coiling. These approaches have resulted in varying degrees of improvement, as for 
example in the mercury boiler development program (refs. 1 to 4). Some other studies 
of the effect of swirling on boiler performance are described in references 5 to 7 for 
potassium boiling and references 8 to 12 for water boiling. 



By centrifuging the liquid droplets to the tube wall, a quality higher than that ob- 
tained in a plain, straight tube is reached before film boiling occurs. Consequently, a 
higher heat flux is obtained before burnout occurs. These benefits are accompanied by 
a larger pressure drop across the boiler. 

The object of this investigation was to determine the effects of blade-type helical 
flow swirlers at various axial spacings on the boiler exit quality, maximum heat flux, 
and overall pressure drop. The expected advantage of using blade-type swirlers over 
the types previously mentioned is higher exit qualities at much smaller pressure drops, 
resulting from the unobstructed flow passages between swirlers. The data from these 
tests are compared with those for a plain tube without swirlers. 

The boiler tube used at this study was 0. 625 inch (1. 59 cm) in outside diameter, 
0.031 inch (0.079 cm) in wall thickness, and 40.0 inches (101.6 cm) long. The swirlers 
were rotor elements obtained from turbine-type flowmeters, and were centrally installed 
in the test section without wall contact, and were nonrotating. Most of the data were ob- 
tained with boiling fluid flow rates of 400 pounds per hour (5. 0x10 kg/sec). Limited 
data were obtained at other flow rates. 



Figure 1. - System flow diagram. 


2 






APPARATUS 


The experimental data were obtained with the test equipment described in detail in 
reference 13 and shown schematically in figure 1. The flow system is a closed loop in 
which water is recirculated by a gear pump. The major components of the loop consist 
of a resistance-heated stainless-steel preheater, a resistance-heated test section, and 
a water-cooled heat exchanger. The loop is pressurized at a surge tank which is con- 
nected to the loop at the pump inlet. The power for heating the test section is supplied 
by a saturable core reactor and a 270-kilovolt-ampere transformer. 

The test sections used in this investigation were fabricated from 5/8-inch (1. 59-cm) 
outside diameter, 0.031-inch (0.079-cm) wall thickness, type-304 stainless-steel tubing. 
Each test section was 40. 0 inches (101. 6 cm) long. Twelve-bladed rotor elements 
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Figure 2. - Swirler diagram. (All dimensions are in inches (mm). ) 


(fig. 2) obtained from turbine-type flowmeters were used to swirl the flow and centrifuge 
the liquid droplets to the tube wall. The blades were located at a constant angle of 30° 
to the tube centerline. These nonrotating rotor elements were centrally installed within 
the test section by axially positioning them on a 1/16-inch (1. 6-mm) diameter stainless- 
steel wire. This assembly was then centered within the test section tube. The wire and 
rotor elements were electrically insulated from the tube. The number of swirlers and 
their respective locations within the tubes are listed in the following table: 
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Test 

section 

Number of 
swirlers 

Locations of swirlers: distance from outlet, in. (cm) 

A 

0 


B 

1 

10 (25. 4) 

C 

1 

5 (12. 7) 

D 

2 

5 (12.7) and 10 (25. 4) 

E 

2 

4 (10. 2) and 8 (20. 3) 

F 

3 

4 (10. 2), 8 (20. 3), and 12 (30. 5) 

G 

4 

4 (10. 2), 8 (20. 3), 12 (30. 5), and 16 (40. 7) 

H 

5 

4 (10. 2), 8 (20. 3), 12 (30. 5), 16 (40. 7), and 20 (50. 8) 

I 

6 

4 (10. 2), 8 (20. 3), 12 (30. 5), 16 (40. 7), 19 (48. 2), and 22 (55. 9) 

J 

7 

4 (10.2), 8 (20.3), 12 (30.5), 16 (40.7), 19 (48.2), 22 (55.9), and 25 (63. 5) 



Figure 3. - Schematic diagram of test section D. (All dimensions are in inches 
(cm). ) 


The various configurations were tested in order of increasing number of swirlers, and 
labeled in alphabetical order. Figure 3 is a schematic diagram of a test section assem- 
bly. Copper bus bars were attached to both ends of the test section for applying electri- 
cal power. A disassembled test section is shown in figure 4. 

The system flow rate was measured by a turbine-type flowmeter. The flowmeter 
output was read from a frequency converter and checked with a counter. The test sec- 
tion inlet and outlet pressures were measured by Bourdon-tube gages connected at the 
inlet and outlet plenums. Chromel-Alumel thermocouples were spotwelded to the outer 
wall of the test sections at the same circumferential position for all axial temperature 
measurements. Inlet and outlet bulk temperatures were measured by thermocouples in 
the liquid stream at the inlet and outlet plenums. All the temperatures were recorded on 
two single-pen self-balancing potentiometers. The alternating-current power to the test 
section was measured by a dynamometer-type wattmeter. The voltage drop across the 
test section was measured by a vacuum tube voltmeter. 
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Figure 4. - Disassembled test section (J). 


PROCEDURE 

Each day before data were taken, water was circulated and boiled in the test section. 
Noncondensable gases were vented from the system through a line connected to the high 
point of the loop. Dissolved gas content was maintained at less than 3 ppm by weight 
based on the average molecular weight of air. 

In order to check the thermocouples, runs were made in which heat was applied to 
the preheater only. Since the heat losses from the test section to the surrounding envi- 
onment were small, the tube outer-wall temperatures could be checked for consistency 
against the water bulk temperatures at the inlet and outlet plenums. This was done over 
the range of bulk temperatures encountered by adjusting the preheater power. The tem- 
perature recording instruments were calibrated before and after each series of runs. 

The conditions for each run were established by setting the desired mass flow rate 
and increasing the power to the test section until physical burnout occurred. The inlet 
temperature was held constant at approximately 75° F (297 K). The burnout point was 
visually identified as the location at which a segment of the test section turned cherry 
red in color. Physical burnout and the cherry-red discoloration occurred almost simul- 
taneously. 

The criteria used for proceding from one configuration to the next (i. e. , determin- 
ing the number and spacing of the swirlers) was based on the results of the previous con- 
figuration tested. After each configuration was tested and the burnout location was de- 
termined, an additional swirler was added, or the previous ones were relocated. This 
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process was continued until no additional improvement in maximum exit quality occurred. 
Maximum exit quality was limited by system flow instabilities resulting from the inter- 
action of the feed system and boiler because no boiler inlet stabilizing devices were used. 


RESULTS AND DISCUSSION 

The experimental data for all the configurations tested are tabluated in table I. Pre- 
sented in this table are the mass flow rate, heat flux, inlet and outlet bulk temperature, 
and inlet and outlet pressures for each run. Exit quality was calculated from a heat 
balance and is presented in the same table. Also presented is an axial outer-tube-wall 
temperature profile for each run. A complete temperature profile was not always ob- 
tained for a burnout condition because of the need to shut down the test apparatus. A 
summary tabulation for the overall pressure drop across each test section configuration 
at the same heat flux and mass flow rate is presented in the following table: 


[Heat flux, 350X10 3 Btu/(hr)(ft 2 ) 
(1. 1x10® W/m 2 ); flow rate, 

400 lbm/hr (5. 0X10~ 2 kg/sec).] 


Test 

section 

Exit 

quality, 

percent 

Pressure drop, 
AP 

psi 

kN/m 2 

A 

29. 9 

7. 0 

4. 8 

B 

32. 2 

8.0 

5. 5 

C 

29. 2 

8.0 

5. 5 

D 

28. 9 

8. 0 

5. 5 

E 

29. 8 

8. 5 

5. 9 

F 

29. 1 

8.0 

5. 5 

G 

28. 7 

10. 0 

6. 9 

H 

30. 1 

11.0 

7. 6 

I 

30. 0 

10. 5 

7. 2 

J 

29. 1 

11.0 

7. 6 
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0 50 100 

Test section length, cm 

Figure 5. - Calculated thermodynamic quality as function 
of length, for maximum exit quality with each configura- 
tion tested. Flow rate, 400 pounds mass per hour 
(5. OxlCf^ kg/sec). 


Calculated thermodynamic quality as a function of length for tests in which maximum 
exit quality was achieved with each configuration at a flow rate of 400 pounds per hour 
(5. 0x10 kg/sec) is presented in figure 5. The increase in quality at constant length 
with increasing number of swirlers is apparent. The maximum quality obtained was ap- 
proximately 0. 6 (configuration H with five swirlers). When configurations I and J, which 
contained six and seven swirlers, respectively, were tested, the exit quality did not im- 
prove. As shown in the preceding table, the increase in pressure drop at 0. 3 exit qual- 

between configuration H and A (plain tube with no swirlers) was from 7 to 11 psi (4. 8 to 
o 

7. 6 kN/m ). This was a 58-percent increase in pressure drop. The experiments in 
reference 11 showed a 400 percent increase in pressure drop for a helical wire insert 
at a pitch-to-diameter ratio of 1. 9 over that for the plain tube at a quality of 0. 30. 

The maximum exit quality as a function of flow rate for configurations A, D, and H 
is shown in figure 6. As expected, an increase in quality was observed with decreasing 
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flow rate. However, the rate of increasing quality is somewhat greater for the plain 
tube (configuration A) than for configuration H. 

A chart summarizing the results of all the configurations tested is presented in fig- 
ure 7. Maximum quality and heat flux are charted for all configurations. The calcu- 
lated start of the boiling region is indicated with respect to the test section length for all 
configurations tested. The calculated quality at the point of burnout is shown in paren- 
theses under the point of burnout. 



Liquid region 
Two-phase region 


■ Burnout point 

I Swirler location 


Numbers in parentheses denote 
quality at burnout point 



I I I I I 

0 25 50 75 100 

Tube length, cm 


Figure 7. - Summary of results of all configurations tested at flow rate of 400 pounds per hour 
(5. OxlO' 2 kg/sec). 
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CONCLUDING REMARKS 


The present investigation has indicated that at constant inlet temperature and flow 
rate the maximum exit quality and the burnout heat flux of boiler tubes can be increased 
with the proper number and spacing of blade-type helical flow swirlers. 

A 100 percent improvement in maximum exit quality (from 0. 3 to 0. 6) over the plain 
tube was obtained with a tube containing five swirlers spaced 4 inches (10. 2 cm) apart. 
With this configuration, the pressure drop was increased 58 percent over the plain tube 
when compared at the same flow rate and exit quality. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, January 30, 1970, 

120-27. 
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